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Abstract

We investigated the effectiveness of wearable laser-
eyewear (LEW) in visual impairment owing to corneal
disease, including low vision (LV) eye. LEW was
performed in 35 patients (38 eyes) with irregular
corneal astigmatism. Best corrected visual acuity
(BCVA) and visual acuity (VA) with LEW were
measured using Landolt rings. Corneal topography was
measured using anterior segment optical coherence
tomography; corneal opacity grade was observed using
slit lamp examination.

A significant negative correlation between Logarithm
of the Minimum Angle of Resolution (LogMAR) VA
improvement using LEW and basal BCVA was
observed. In 20 eyes of the LV, no significant
correlation was observed between VA improvement by
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LEW and basal BCVA. The LogMAR VA
improvement using LEW was 0.27+0.32 (-0.48—0.70)
in x1 0.53+0.37 (-0.17-1.18) in x2. The most
significant factor that determined VA improvement in
eyes with LV using LEW was the corneal opacity
grade, while the corneal topographic parameters,
including keratometric refractive parameters (Kmax, Ks,
Ks, and Cylinder), higher-order aberrations (HOAS),
and central corneal thickness (CCT), showed no or
limited impact on the VA improvement effect by LEW
in LV. Therefore, LEW improves vision regardless of
irregular corneal astigmatism; however, corneal
opacity limits the LEW effect in the LV eye.

Keywords: Laser-eyewear; Low vision; Corneal

opacity
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1. Introduction

Low vision (LV) is a chronic visual impairment
resulting from several visual system disorders that
cannot be corrected with glasses, medical treatment, or
surgery. Such defects influence individuals’ quality of
life (QOL) by interfering with free actions [1]. Age-
related macular degeneration (AMD), diabetic
retinopathy, and glaucoma are some of the reasons for
LV and blindness [2]. Other diseases affecting the
anterior segment of the eye can also lead to blindness.
These include LV owing to corneal diseases, such as
keratokonus, corneal dystrophies, opacities caused by
infections, or corneal epithelial stem cell deficiency.
Not all patients receive successful treatment with
surgery, such as keratoplasty or limbal-stem-cell
transplantation. Few patients are do not undergo
surgery owing to ocular risk factors or rejection of
surgery [3,4]. In addition, limited donor supply results
in waiting periods of months or years for patients for
keratoplasty [5]. A higher prevalence of depression
and loss of quality of life are associated with patients
of LV [6,7]. Therefore, supporting the patient’s visual
impairment and increasing their autonomy are
imperative. Vision can be enhanced by bypassing the
diseased anterior part of the eye in patients with
impairment of the optic media and preserved sensory
function [4].

A new type of retinal imaging wearable laser-eyewear
(LEW) might be capable of delivering such a bypass,
and allows projection of images directly onto the
retina, thereby, improving the visual acuity (VA) of
patients [8]. More specifically, the RGB (red, green,
and blue)-laser image was projected onto the retina
using the microelectromechanical (MEMS) system
developed by QD Laser, Inc. (Kawasaki, Japan). In

contrast to the typical video displays in which optical
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systems are generated for eyes, the greatest advantage
of QD laser eyewear is that it employs a Maxwellian
view optical system [9,10]. In this system, a real image
of a light source is focused on the pupil of the eye, and
the image reaches the retina without defocusing,
irrespective of the axial length or refractive indices of
the ocular parts. Thus, correction of the refractive error
is not required. The Maxwellian view optical system is
often used to present stimuli for eye examinations, for
example, to analyze the optical density of the lens [11],
macular pigment [12], color appearance [13], cone
function [14], photo stress recovery related to colored
intraocular lenses [15], light adaptation [16], and
localization of photophobia [17]. Moreover, the
resolution of the projector of the QD laser eyewear was
as high as 1280 x 720, and that of the camera was 2
million pixels. The laser used in our study device was
classified as a Class-1-laser according to IEC60825-1.
The low energy output could be shown to be lower
than that of a fluorescent lamp and is therefore
harmless to the eye [18,19]. In the laser, the low-power
red, green, and blue laser light oscillate; the blue light
wavelength is at 1/40, and that of red and green is at
1/400 the power of the maximum levels permitted by
the Japanese Industrial Standard and International

Electrotechnical Commission.

In the present study, we sought to assess whether LEW
may have an effect on visual impairment induced by
corneal diseases, including severe LV eye. We
assessed this using LEW in patients with irregular
astigmatism induced by corneal disease. We also
investigated the relationship between the LEW effect
and the corneal topographic parameters or corneal

opacity.
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2. Materials and Methods

This retrospective observational study was approved
by the Institutional Review Board of Kawasaki
Medical School Hospital (approval number 5182-00).
Informed consent was obtained from all the study
participants, and the study was conducted in
accordance with the Declaration of Helsinki. This
study did not have patient or public involvement in its
design, participant recruitment, or conduct.

For a consecutive series of 35 patients (38 eyes)
ranging from 21 to 89 years (mean: 53.5 years), who
had irregular corneal astigmatism that could not be
corrected by glasses, and the best corrected VA
(BCVA) was less than 20/20.

The causes of corneal astigmatism were keratoconus
(KC, 9 eyes in 7 patients), corneal opacity induced by
corneal dystrophy or limbal stem cell deficiency (8
eyes in 7 patients), scarring induced by corneal
infection (3 eyes in 3 patients), post-keratoplasty (16
eyes in 16 patients), and bullous keratopathy (BK, two
eyes in two patients) (Table 1). Keratoplasty was
performed in 14 eyes as penetrating keratoplasty (PKP)
and in 2 eyes as deep anterior lamellar keratoplasty in
(DALK) two eyes.

The inclusion criteria were as follows: patients with
irregular corneal astigmatism, but without other
anterior segment ocular disorders, such as epithelial
erosions, active infections, conjunctivitis, and
nasolacrimal duct obstruction. In contrast, the
exclusion criteria included any fundus disease
including retinal or optic nerve disease, active systemic
diseases such as cardiovascular disease and/or renal
disease. Patients with diabetes mellitus and systemic

hypertension, which were controlled through the
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administration of oral medications, were included in

the final cohort.

The outcome measures of interest were BCVA and VA
using the LEW (RETISSA Medical, QD Laser, Inc.
Kawasaki, Japan) clinically approved in Japan. VA
was measured using the Landolt rings. Corneal
topography was measured using anterior segment
optical coherence tomography (AS-OCT). In addition,
corneal opacity grade was observed by slit-lamp

examination.

Corneal tomographic measurements were obtained by
AS-OCT using CASIA 2 (Tomey Corporation, Inc.,
Nagoya, Japan) with an infrared light wavelength of
1310 nm. Measurements were obtained along the
vertex normal, and the images were centered on the
corneal vertex. The analysis software (Tomey
Corporation, Inc., Nagoya, Japan) was used to identify
and digitize both the anterior and posterior corneal
surfaces and to align the reference axis of the
measurement with the vertex normal. Tomographic
and pachymetric maps were calculated from 16 radial
cross-sectional images through the central 10-mm

diameter of the cornea obtained in 0.34 seconds.

Swept-source OCT measurements have been shown to
have adequate repeatability in healthy eyes, as well as
in eyes with corneal disease such as keratoconus [20].
Total (i.e., including both the anterior and posterior)
keratometric refractive parameters (Kmax, Ks, Kt Kae,
and Cylinder, in Diopter), and corneal total higher-
order aberrations in 4mm (HOAs, in pm) were
measured. The other corneal topographic parameters,
such as the central corneal thickness (CCT, in pum),

were measured. Each measurement satisfied the

Volume 4, Issue 3 265



J Opthalmol Res 2021; 4 (3): 263-278

following conditions: over 96.5% of the data within the
central 6-mm diameter had adequate contrast to trace
the corneal border, all 16 radial scans within the
central 4-mm diameter topographic analysis could be
performed for both the anterior and posterior corneal
surfaces, the distance from the center of the image to
the corneal vertex was less than 0.86 mm, and over
93% of the scans inside the central 6-mm diameter
topographic analysis could be obtained for both the

anterior and posterior surfaces.

Corneal opacity grade was observed by slit-lamp
examination: Grade 0, no opacity was observed in the
cornea; grade 1, 100% of the pupil is observable in
diffuser illumination; grade 2, 1-99% of the pupil is
observable in diffuser illumination; grade 3, pupil
cannot be observed in diffuser illumination but can be
observed in slit lamp illumination; and grade 4, pupil
cannot be observed under slit lamp illumination.
Nuclear hardness graded by the Emery-Little

classification was also examined in phakic eyes.

2.1 Statistical analysis

Data distributions of Logarithm of the Minimum Angle
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of Resolution (LogMAR) VA were assessed for
normality using the Shapiro-Wilk test. Following the
assumption that all data on outcomes of interest
followed a parametric distribution, the paired t-test was
used for LogMAR VA using LEW at magnifications of
x1 and %2 (LogMAR LEW VA x1 and LogMAR
LEW VA x2, respectively) and BCVA. The VA
improvement by LEW wear was calculated as
LogMAR change = <(LogMAR LEW VA — LogMAR
BCVA). Correlations between the LogMAR change
and corneal topographic parameters or corneal opacity
grade were analyzed using the Pearson correlation
coefficients in linear regression, and the levels of
significance of the correlations were set at p < 0.05.
The ANOVA and Tukey HSD posthoc tests were
performed to compare the LogMAR VA in BCVA,
LEW wuse, rigid gas-permeable contact lens. All
analyses were conducted using SPSS version 25.0
(IBM Corp. Released 2017. IBM SPSS Statistics for
Windows, version 25.0. Armonk, NY: IBM Corp.
USA).
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3. Results

The study included 38 eyes of 35 patients. Of these, 20
eyes from 18 patients had LV eyes with 20/60 BCVA.
The mean participant age was 53.5 £+ 21.1 years (Table
1).

The LogMAR VA was 0.87 £ 0.67 in BCVA, by LEW
use, this changed to 0.84 = 0.52 in x1 magnification (p

DOI: 10.26502/fjor.2644-00240045

+ 0.51 in x2 magnification (p = 0.0009, paired t-test)
(Figure 1, Supplementary Figure 1). A significant
negative correlation was observed between LogMAR
VA improvement by LEW and basal BCVA (Figure
2). As previously reported [8], in eyes with originally

good BCVA, relatively few visual impairments were

= 0.66, paired t-test) and significantly improved to 0.61 desired.
All eyes (38 eyes) LV group (20 eyes)
Mean Stapdgrd Maximum | Minimum Mean Sta’?d"?“d Maximum | Minimum
deviation deviation
Age (years) 53.5 21.1 89 20 59.0 20.6 86 20
Male 18 9
(%)/Females (47.3%)/20 (45.0%)/11
LogMAR
BCVA 0.87 0.67 2.0 0.05 141 0.34 2.0 0.82
LOgMARLEW | g4 0.52 2.0 0.15 1.15 0.50 2.0 0.40
VA x1
LgMARLEW | 61 0.51 2.0 0.0 0.89 0.51 2.0 0.15
VA x2
Ks (D) 49.5 9.8 86.6 36.9 52.8 11.8 86.6 40.2
K¢ (D) 43.3 9.0 73.9 31.1 45.9 11.6 73.9 31.1
Kimax(D) 59.4 16.0 105.8 38.9 65.8 18.9 105.8 42.0
Cylinder 6.2 4.2 15.8 0.5 6.9 4.4 14.1 1.2
:ﬁ';s‘)(RMS’ 2.23 2.00 8.40 0.33 3.01 241 8.40 0.33
CCT (um) 562.5 123.8 849 177 543.8 145.7 849 177
Corneal
opacity grade 0.73 0.86 3 0 1.00 1.03 3 0
(0-4)
. 23(61%) 15(75%)
I0L(%)/Phakic 15 5
Nuclear
hardness
graded by the 0.05 0.22 1 0 0.10 0.31 1 0
Emery-Little
classification
(IoL=0)

BCVA, best corrected visual acuity; CCT, central corneal thickness; D, diopter; HOAs, higher-order aberrations; 0L,

intraocular lens; LEW, laser eye wear; LogMAR, Logarithm of the Minimum Angle of Resolution; LV, low vision;

VA, visual acuity

Table 1: BCVA and VA in LEW use and the background parameters in all and the LV group
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Thus, we focused on eyes of LV under 20/60. In the
LV eye, the LogMAR BCVA was 1.41 + 0.34; by
LEW use, this significantly improved to 1.15 + 0.50 in
x1 magnification (p = 0.0014) and to 0.89 + 0.51 in x2
magnification (p = 0.00004). We observed no
significant  correlation LogMAR VA
improvement by LEW and basal BCVA in the LV eye
(Figure 3, Table 2), suggesting that LEW improves the
VA regardless of the basal BCVA and severity of

between

corneal abnormality.

Next, we investigated the effect of corneal opacity on
VA improvement by LEW in the LV eyes. We
observed a strong correlation (R? = 0.561 in x1, and R?
= 0.532 in x2) between LogMAR VA improvement by
LEW and corneal opacity (Figure 4, Table 2). This
suggests that corneal opacity limits the LEW effect in
the LV eye. In grade 0 of the no corneal opacity eye (N
= 8 eye), LogMAR improvement by LEW use was up
to 0.51 + 0.17 in x1 magnification and 0.78 + 0.25 in
x2 magnification. Calculated as fractional VA, the
average BCVA was 20/450, which improved to 20/140
in LEW x1 and to 20/70 in LEW x2 in eyes with grade

0 corneal opacity.

Next, we investigated the correlation between corneal
topographic effect and irregular corneal astigmatism
on VA improvement by LEW. We observed no
correlation (p = 0.78 in x1, and p = 0.84 in x2)
between LogMAR VA improvement by LEW and
HOAs (Figure 5, Table 2). This suggests that LEW
improves the VA, regardless of irregular corneal

astigmatism. We observed no correlation (p = 0.28, x1,
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and p = 0.17 in x2) between LogMAR VA
improvement by LEW and another corneal topographic
parameter, CCT (Figure 6, Table 2).

Next, we measured the corneal refractive parameters
on VA improvement by LEW (Table 2). We observed
a weak LogMAR VA
improvement by LEW and K, (R? = 0.040 for x1 and
R? = 0.055 for x2, Figure 7) , K; (R? = 0.010 in x1 and
R? = 0.026 in x2, Figure 8), Knax (R? = 0.032 in x1 and
R? = 0.021 in x2, Figure 9), and cylinder (R? = 0.075
in x1 and R? = 0.044 in x2, Figure 10). This suggests

that the refractive power has a low impact on LEW and

correlation  between

improves VA. In addition, we measured the
background parameters of VA improvement by LEW
(Table 2). We observed weak or no correlation
between LogMAR VA improvement by LEW and age
(R? = 0.017 in x1 and R? = 0.088 in x2, Figure 11) as
previously reported®, gender (p = 0.57 - in x1, and p =
0.58 - in x2), or cataract grade estimated by nuclear
hardness graded by the Emery-Little classification (p =
0.21, x1, and p = 0.31, x2) and LogMAR VA
improvement by LEW (Table 2).

Finally, we measured the effectiveness of LEW
comparing to rigid gas-permeable contact lens in 12
contact lens users among these participants. LogMAR
VA was 0.44 +0.44, 0.48 + 0.23, 0.20 £ 0.12 and 0.20
+ 0.30, in BCVA, LEW x1, LEW x2 and rigid gas-
permeable contact lens use, respectively (Figure 12).
LogMAR VA in LEW x2 use was not significantly
different in rigid gas-permeable contact lens use (p =
0.86, ANOVA and Tukey HSD posthoc tests).
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LogMAR LEW VA x1 LogMAR LEW VA x2

R value R? tvalue | p-value | Rvalue R? tvalue | p-value
Corneal 0749 | 0561 | -20.3 |7.2x10*| -0730 | 0532 | -19.2 |1.9x107"3
opacity grade
LogMAR
BCVA -0.112 0.013 -2.01 0.06 -0.034 0.001 -0.91 0.37
HOAS(RMS, | (015 | 00002 | 028 | 078 | 0012 | 00001 | 021 | o084
in pm)
Age (years) 0131 | 0017 | 238 | 003 | -0296 | 0088 | -558 | 2.7x10°
Male/Females 0.032 0.001 0.58 0.57 0.031 0.001 0.56 0.58
Ks (D) 0.200 0.040 3.68 0.002 0.235 0.055 4.36 0.0004
Ks (D) 0.099 0.010 1.80 0.09 0.160 0.026 2.92 0.009
Kmax(D) 0.180 0.032 3.29 0.004 0.145 0.021 2.63 0.017
Cylinder 0.274 0.075 5.14 6.9x10°° 0.211 0.044 3.88 0.0011
CCT (um) -0.062 0.004 -1.13 0.28 -0.079 0.006 -1.43 0.17
Nuclear
hardness
graded by the -0.073 0.005 -1.31 0.21 -0.069 0.005 -1.25 0.23
Emery-Little
classification

BCVA, best corrected visual acuity; CCT, central corneal thickness; D, diopter; HOAs, higher-order aberrations; 10L,
intraocular lens; LEW, laser eye wear; LogMAR, Logarithm of the Minimum Angle of Resolution; LV, low vision;
VA, visual acuity

Table 2: Correlation of VA improvement by LEW use and the corneal topographic, corneal opacity, and background
parameters in the 20 eyes of low vision (LV, BCVA < 20/60) group.
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Figure 1: Relation between BCVA and VA using the LEW in all 38 eyes. The left panel shows the VA using LEW in

x1 magnification, and the right panel shows the VA using LEW in x2 magnification. BCVA, best corrected visual

acuity; LEW, laser eye wear; VA, visual acuity
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Figure 2: Correlation between BCVA and VA improvement in LogMAR scale using the LEW in all 38 eyes. The left

panel shows the visual acuity using LEW in x1 magnification, and the right panel shows the visual acuity using LEW

in x2 magnification. BCVA, best corrected visual acuity; LEW, laser eye wear; LogMAR, Logarithm of the Minimum

Angle of Resolution; VA, visual acuity
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Figure 3: Correlation between BCVA and VA improvement in LogMAR scale using the LEW in 20 eyes under 20/60
of LV. The left panel shows the VA using LEW in x1 magnification, and the right panel shows the VA using LEW in
x2 magnification. No significant correlation was observed (p > 0.05) in both of the X1 and x2 magnification. BCVA,
best corrected visual acuity; LEW, laser eye wear; LV, low vision; LogMAR, Logarithm of the Minimum Angle of

Resolution; VA, visual acuity
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Logarithm of the Minimum Angle of Resolution; LV, low vision; VA, visual acuity
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Figure 11: Correlation between age and VA improvement in LogMAR scale using the LEW in 20 eyes of LV. Weak

significant negative correlation was observed in both of the x1 and x2 magnification. LEW, laser eye wear; LogMAR,

Logarithm of the Minimum Angle of Resolution; LV, low vision; VA, visual acuity
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Figure 12: Comparison among VAs in LogMAR scale using the LEW in 12 eyes of rigid gas-permeable contact lens

use. LogMAR VA in LEW x2 use was not significantly different in rigid gas-permeable contact lens use. The

horizontal lines in the box and whisker plots represent the median values, and the bottom and top of the boxes represent

the lower and upper quartiles, respectively. The x represents the mean and the bars represent the minimum and

maximum values within 1.5 times the lower and upper quartiles. * p < 0.001, ANOVA and Tukey HSD posthoc tests.

HCL, rigid gas-permeable contact lens; LEW, laser eye wear; LogMAR, Logarithm of the Minimum Angle of

Resolution; VA, visual acuity
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4. Discussion

Our study revealed that LEW improves the VA
regardless of irregular corneal astigmatism; however,
the corneal opacity limits the LEW effect in the LV
eye. In addition, LEW showed effectiveness relatively
independent of refractive errors, consistent with
previously reported studies in relatively good VA (not
LV) [8].

Currently, there is no comparable device that uses the
principle of the Maxwellian view. LEW effectiveness
was prominent, especially in LV eyes without corneal
opacity; 20/450 BCVA improved to 20/140 (x1
magnification) and 20/70 (x2 magnification) by LEW
use on average. This is three times (x1) and seven
times (x2) greater improvement in the resolution. On
the other hand, the effectiveness of LEW was
predominantly limited by corneal opacity and
quenched in eyes with severe corneal opacity of grade
3 (figure 4).

The LEW effect was confirmed to be independent of
irregular corneal astigmatism measured by HOAs
(Figure 5). The theoretical independence described by
Sugawara et al. could be confirmed [21]. Moreover,
this is indicative that LEW, using the principle of
Maxwellian view, had unique efficacy in eyes with
severe irregular astigmatism due to corneal disease,
especially in eyes without surgical indication for
several reasons, such as rejection or mental retardation
(Figure S1). A weak relationship was observed
between LogMAR VA improvement by LEW and age
(Figure 11), as previously reported. In accordance with
previous trials, one of the reasons could be that VA
generally decreases with age, even in healthy
individuals [8].

We observed only a weak positive correlation between
LogMAR VA improvement by LEW and K, K¢, Kiax,
and cylinder (Figures 7-10) in LV eyes with BCVA <
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20/60. A previous study reported that LEW VA was
not significantly affected by the amount of refractive
error in eyes with BCVA > 20/25 [8]. In our study of
the LV eye, basal BCVA was relatively low; thus, the
possibility of VA improvement could remain in severe
cornea. Overall, refractive power has a low impact on
the improvement of VA by LEW. In addition, in rigid
gas-permeable contact lens uses, LEW in x2 is
comparable to the rigid gas-permeable contact lens
effect on visual acuity improvement (Figure 12).

The main limitations of the present study are its
retrospective design and small sample size. Our results
need to be verified by prospective, randomized,
masked studies in the future. The small sample size
reflects the fact that our patient groups needed to
include patients with corneal diseases. The data here
suggest that examining a large cohort of patients, with
and without LV, would be important to confirm that
the use of LEW has a broad effect in patients with
impairment of the optic media, including the cornea.

5. Conclusions

Our results suggest that LEW using the Maxwellian
view could help improve the VA in patients with
irregular corneal astigmatism. The efficacy of LEW
was prominent in severe cases of the LV eye.
However, accompanying corneal opacity limits the
effect of LEW on VA improvement. In addition, the
LEW effect is relatively independent of the refractive
error, especially in irregular corneal astigmatism.
These findings suggest that LEW could be beneficial
for LV aid in eyes with severe corneal diseases.
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